INTRODUCTION
============

*Gymnophalloides seoi* Lee, Chai and Hong, 1993 (Digenea: Gymnophallidae) is a new human intestinal trematode originally reported from a patient with acute pancreatitis and gastrointestinal troubles in the Republic of Korea \[[@B1],[@B2]\]. Subsequently, a highly endemic area with 49% egg positive rate and heavy worm loads was discovered on a southwestern coastal island (Aphaedo) of Shinan-gun, Jeollanam-do \[[@B3]\]. Thereafter, many small villages in the western and southern coastal areas were found to be endemic with *G. seoi* infection \[[@B4],[@B5]\]. The infection is caused by eating raw oysters, *Crassostrea gigas*. The infected individuals complained of gastrointestinal troubles (abdominal pain and diarrhea), loss of appetite, loss of body weight, and fever \[[@B6]\]. Moreover, 2 diabetic patients were accompanied with *G. seoi* infection, and an association between these 2 diseases has been suspected \[[@B6]\]. However, host-parasite relationships including natural resistance and defense of animal hosts against *G. seoi* infection have been poorly understood.

Host-parasite relationships including expulsion mechanisms of helminths from the intestine of rodent hosts have been extensively studied in nematodes, including *Trichinella spiralis*, *Nippostrongylus brasiliensis*, *Heligmosomoides polygyrus bakeri*, and *Trichuris muris* \[[@B7],[@B8]\]. In these models, intestinal mucosal mast cells (MMCs), goblet cells (GCs), secretory IgA, and cytokines were shown to be important effectors for worm expulsion. Intestinal epithelial cell turnover \[[@B9],[@B10]\] and intestinal smooth muscle contraction \[[@B11],[@B12],[@B13]\] were also shown to be important in the expulsion mechanisms of nematodes from the intestine of rodent hosts. However, only a few studies have been performed on the worm expulsion mechanisms of trematodes, for example, in *Echinostoma trivolvis* \[[@B14],[@B15]\], *Echinostoma caproni* \[[@B14]\], *Metagonimus yokogawai* \[[@B16],[@B17]\], *Echinostoma hortense* \[[@B18]\], and *Neodiplostomum seoulense* \[[@B19],[@B20]\]. Several immune effectors including intestinal intraepithelial T-lymphocytes, MMCs, and GCs are important in the defense against *M. yokogawai* \[[@B16],[@B17]\], and MMCs function in the expulsion of *E. hortense* \[[@B18]\]. Important roles of GCs have been reported in *E. trivolvis* \[[@B14],[@B15]\] and *E. caproni* \[[@B14]\]. However, MMCs and GCs are not critically important in the expulsion of *N. seoulense* from mice \[[@B19]\].

Once established in the intestine of mice, *G. seoi* is quickly expelled from day 3-21 post-infection (PI) in different strains of mice \[[@B21]\]. ICR and C3H/HeN mice were fairly susceptible to *G. seoi* infection, although the worm recovery at days 7-21 PI was not so high \[[@B21],[@B22],[@B23]\]. However, C57BL/6 mice were resistant to *G. seoi* infection, and worms were expelled by day 3 PI \[[@B23],[@B24]\]. This resistance was due to their natural immunity and host defense mechanisms, and was suppressed by immunosuppression with prednisolone. GCs are an important effector in the expulsion of *G. seoi* worms from C57BL/6 mice, and their numbers are markedly reduced in immunosuppressed *G. seoi*-infected mice \[[@B23]\]. The GC hyperplasia and worm expulsion were suggested to be induced by signal transducer and activator of transcription (STAT6) signaling, and IL-13 may be involved as a triggering cytokine in this signaling \[[@B25]\]. CD4^+^ T-cells were important in regulating the GC responses in *G. seoi*-infected C57BL/6 mice \[[@B24]\]. Toll-like receptor 2 and MUC2 gene are highly expressed on intestinal epithelial cells stimulated with *G. seoi* antigen suggesting their roles in host defense mechanisms \[[@B26]\]. However, no studies have been performed on intestinal epithelial cell turnover and intestinal smooth muscle contraction in *G. seoi*-infected mice.

The present study aimed to determine the role of intestinal epithelial cell turnover and intestinal motility in mucosal defense mechanisms and expulsion of *G. seoi* worms in C57BL/6 mice.

MATERIALS AND METHODS
=====================

Experimental animals
--------------------

Two strains of specific pathogen-free mice (4-week-old males), i.e., ICR which is susceptible to *G. seoi* infection and C57BL/6 which is resistant to *G. seoi* infection \[[@B21]\], were purchased from the Samtaco Laboratory Animal Center (Osan-shi, Korea). Mice were kept in Animal Facility of Seoul National University College of Medicine, Seoul, Korea. The experiments were carried out in accordance with the guidelines of Institutional Animal Care and User Committee, Seoul National University College of Medicine.

Parasites
---------

Naturally produced oysters, *Crassostrea gigas*, were collected from Aphaedo (Island), Shinan-gun, Jeollanam-do, an endemic area of *G. seoi* infection. To collect the metacercariae, the oyster shells were detached and the animal was gently stirred in 0.85% saline solution. The solution containing free metacercariae was serially filtered through meshes with progressively decreasing pore sizes of 600, 300, and 106 µm. Metacercariae on the last mesh were collected and counted using a stereomicroscope.

Immunosuppression
-----------------

C57BL/6 mice were immunosuppressed by injecting intramuscularly with Depo-Medrol (15 mg/kg; Upjohn, Seoul, Korea) to the inner thighs every other day from 2 days prior to *G. seoi* infection until termination of infection (total 5 times; day -2, day 0, day 2, day 4, and day 6). Depo-Medrol is methylprednisolone acetate. Corticosteroids are known to suppress both humoral and cellular immunity when administered to humans and animals, and enhance the survival of *G. seoi* worms in the mouse intestine \[[@B21]\].

Worm recovery
-------------

ICR and C57BL/6 mice were infected orally with 200 metacercariae. At days 1, 3, 5, and 7 PI, 6 mice for each strain were sacrificed by hyperanesthesia with diethyl ether. Their small intestines were resected and opened longitudinally in Petri dishes containing physiological saline. The pieces of intestines were transferred to the top of the Baermman\'s apparatus. The flukes were collected from the bottom of the tube equipped in the apparatus. After incubation, intestinal segments were returned to Petri dishes to search for residual flukes under a stereomicroscope.

Staining of intestinal GCs
--------------------------

Mice were sacrificed, and intestinal segments about 2 cm in length were taken from the middle portion of the jejunum. The segments were washed twice with saline fixed in Carnoy\'s fixative for 2-3 days. The fixed tissues were embedded in paraffin and sectioned at about 5 µm thickness. Periodic acid Schiff (PAS) staining was done to visualize GCs. Briefly, the samples were oxidized with 1% periodic acid (Sigma-Aldrich, Poole, UK) for 5 min and reacted with Schiff\'s reagent to produce a colored end product. They were counterstained with hematoxylin (Sigma-Aldrich). GC numbers were counted per 10 villus-crypt unit (VCU).

Immunohistochemistry to measure intestinal epithelial cell turnover
-------------------------------------------------------------------

C57BL/6 and ICR mice infected or uninfected with *G. seoi* were injected intraperitoneally with 10 mg 5-bromo-2\'-deoxyuridine (BrdU; Sigma-Aldrich) in PBS. They were sacrificed 60 min later and the middle part of the jejunum was cut into 2-3 cm pieces. After 24 hr fixation in Carnoy\'s solution, 5-6 µm sections were obtained. Endogenous peroxidase activity was blocked by 10 min incubation using 3% hydrogen peroxide in PBS. The sections were then placed in 1 N HCl for 30 min at 37℃ for DNA denaturation and rinsed thoroughly. To decrease non-specific staining, the fixed sections were incubated in diluent consisting of 1% bovine serum albumin (BSA) and 0.6 v/v% Triton X-100 in PBS (pH 7.0) for 30 min, and washed 3 times for 5 min in PBS. Monoclonal anti-BrdU antibody (Sigma-Aldrich) was incubated for 2 hr at room temperature and samples were washed in PBS. Biotin-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, California, USA) was diluted 1:500 in BSA diluent for 1 hr. After washing in PBS, each sample was incubated in avidin-biotin-peroxidase complex (ABC Reagent; goat ABC Staining System; Santa Cruz Biotechnology) according to the manufacturer\'s instructions, prepared at least 30 min before use for 1 hr. Sections were washed in PBS and then transferred to TBS (0.1 M Tris-HCl, 0.15 M NaCl in distilled water, pH 8.0) and the peroxidase activity was demonstrated using 3,3\'-diaminobenzidine (DAB) as substrate, followed by washes in TBS. After immunostaining, the sections were washed in distilled water, dehydrated, and mounted using Canada Balsam solution. Stained nuclei were counted in crypt layers of 10 VCU.

Charcoal meal gastrointestinal-transit test
-------------------------------------------

Intestinal motility of *G. seoi*-infected C57BL/6 and ICR mice was measured using the charcoal meal gastrointestinal transit test with small modifications \[[@B27]\]. Animals were grouped into uninfected control (n=6) and *G. seoi*-infected (n=6) groups. Before experiment, mice were fasted for 18 hr and 0.2 ml charcoal meal (5% charcoal, 5% gum arabic in distilled water) was administered intragastrically. Mice were sacrificed 30 min after the charcoal meal administration, and the whole intestine was resected and separated from the omentum. The length of the intestine from the pyloric sphincter to the end of the large intestine and the distance traveled by the charcoal meal were both measured in control and infected mice at days 1, 3, 5, and 7 PI. The charcoal meal transit was measured by dividing the distance of travel by the length of the whole intestine and the rate was expressed as a percentage.

Statistical analysis
--------------------

Experiments were repeated at least 3 times, and 1 representative set of data is presented. The statistical significance of the data was analyzed using the Student\'s *t*-test. *P*-value of \<0.05 was considered significant.

RESULTS
=======

Worm recovery in C57BL/6 and ICR mice
-------------------------------------

The worm recovery rate (WRR) of *G. seoi* was different between C57BL/6 and ICR mice through the 7 days of observation ([Fig. 1](#F1){ref-type="fig"}). Rapid worm expulsion was observed in C57BL/6 mice (WRR at days 1, 3, 5, and 7 PI of 49.6%, 11.1%, 0.4%, and 0%, respectively), whereas slightly delayed worm expulsion was observed in ICR mice (WRR at days 1, 3, 5, and 7 PI of 35.5%, 25.5%, 22.0%, and 5.5%, respectively). Immunosuppression of C57BL/6 mice significantly delayed worm expulsion (WRR at days 1, 3, 5, and 7 PI of 51.5%, 36.2%, 24.5%, 18.5%, respectively). The values at days 3, 5, and 7 PI were significantly different between immunocompetent and immunosuppressed C57BL/6 mice (*P*\<0.05).

GC counts
---------

At day 0 PI (before infection), GC numbers per 10 VCU were 6.5±2.1 for both C57BL/6 and ICR mice. *G. seoi* infection increased the GC counts; however, the increasing patterns were different by mouse strain ([Fig. 2](#F2){ref-type="fig"}). In C57BL/6 mice, the GC counts began to increase at day 1 PI (7.9±1.7 per 10 VCU) reaching a peak at day 3 PI (15.7±4.4; *P*\<0.05) and then decreasing (10.2±2.2 and 10.3±4.8 at day 5 and 7, respectively; [Fig. 2](#F2){ref-type="fig"}). In ICR mice, the GC counts increased (*P*\<0.05) slowly from day 1 (8.8±1.1) to day 3 (12.3±2.1), day 5 (15.3±5.1), and day 7 PI (16.6±3.1). Immunosuppression inhibited the proliferation of goblet cells; the GC counts were lower than normal uninfected mice ([Fig. 2](#F2){ref-type="fig"}).

Intestinal epithelial cell turnover
-----------------------------------

In C57BL/6 mice infected with *G. seoi*, remarkable increases (*P*\<0.05) of newly proliferating epithelial cells were observed in the crypt layer at day 1 (11.5±2.6), day 3 (10.5±1.7), day 5 (7.9±1.4), and day 7 PI (8.1±1.4), compared with normal uninfected mice (5.6±0.3) ([Fig. 3](#F3){ref-type="fig"}). Their increase was the highest at day 1 PI. However, in ICR mice, continuous increases of newly proliferating epithelial cells in the crypt were observed from day 1 (7.1±1.6) to 7 PI (10.6±0.9). Immunosuppression of C57BL/6 mice decreased the epithelial cell proliferation significantly (*P*\<0.05) and the counts of newly proliferating epithelial cells were not much different from those of normal uninfected mice ([Fig. 3](#F3){ref-type="fig"}).

Intestinal motility
-------------------

The intestinal motility or intestinal muscle contractility, the ratio (%) of charcoal meal travel per whole length of the small and large intestine, of C57BL/6 mice infected with *G. seoi* was 63.7±6.4, 73.1±15.5, 74.6±6.7 (*P*\<0.05), 71.3±6.9 (*P*\<0.05), 64.7±11.0 at days 0, 1, 3, 5, and 7 PI and that of ICR mice was 65.0±9.8, 65.7±12.6, 68.7±3.5, 75.0±7.3 (*P*\<0.05), and 73.8±5.7 (*P*\<0.05) at days 0, 1, 3, 5, and 7 PI, respectively ([Fig. 4](#F4){ref-type="fig"}). Immunosuppression of C57BL/6 mice significantly (*P*\<0.05) decreased the intestinal contractility rate (57.4±13.4, 61.0±8.7, 50.0±4.0, and 44.0±5.2 at days 1, 3, 5, and 7 PI) ([Fig. 4](#F4){ref-type="fig"}).

DISCUSSION
==========

The 3 major mechanisms for worm expulsion of intestinal nematodes, for example, *T. muris*, are mucin production by intestinal GCs, intestinal epithelial cell turnover, and intestinal muscle hypercontractility \[[@B10]\]. Among these mechanisms, the involvement of GCs and their mucins has been most extensively studied. In rodents infected with nematodes or trematodes, such as *T. spiralis*, *N. brasiliensis*, and *Echinostoma* sp., intestinal GC hyperplasia occurred around the time of worm expulsion \[[@B15],[@B28]\]. A goblet cell-derived factor, RELMb, which is regulated by IL-13, affects the chemosensory apparatus of the intestine-dwelling nematodes, impairing their survival \[[@B29]\]. GC mucins are also an important component of innate defense against *T. muris* infection, because mucin gene deficient mice have impaired host resistance against parasite infection \[[@B30]\]. In human intestinal epithelial cells cultured in vitro, *MUC2* gene expression is upregulated upon stimulation with *G. seoi* antigen \[[@B26]\]. In the present study, GC hyperplasia was closely associated with expulsion of *G. seoi* worms regardless of the mouse strain, which was consistent with our previous reports \[[@B23],[@B24]\]. In C57BL/6 mice, the number of GCs peaked at day 3 PI, and on the same day the WRR began to subtantially decrease. In contrast, in ICR mice the number of GCs increased slowly from day 1 to day 7 PI, and the WRR became the lowest on day 7 PI. In immunosuppressed C57BL/6 mice, the WRR remained fairly high until day 7 PI and GC counts were significantly depressed.

The importance of intestinal epithelial cell turnover in expulsion of intestinal nematodes has been highlighted recently \[[@B9],[@B10]\]. Enterocytes migrate from the crypt to the villus, undergoing proliferation, differentiation, and maturation before programmed cell death and extrusion into the intestinal lumen (which was referred to as epithelial cell turnover) \[[@B31]\]. An increase in epithelial cell turnover in the intestine, which is controlled by IL-13, acts like an epithelial escalator to expel *Trichuris* worms from the epithelial layer toward the lumen \[[@B9]\]. In contrast, the chemokine CXCL10 (IFN-γ-induced protein 10) reduces the rate of epithelial cell turnover and negatively affects worm expulsion \[[@B32]\]. On the other hand, in susceptible animals, the parasite promotes its own survival by inducing IFN-γ production, which inhibits epithelial cell proliferation \[[@B9],[@B33]\]. However, the importance of intestinal epithelial cell turnover had never been firmly defined in intestinal trematode models. In the present study, the intestinal epithelial cell proliferation was most active at the time of worm expulsion, at days 1-3 PI for C57BL/6 and days 5-7 PI for ICR mice infected with *G. seoi*. This strongly suggests that the intestinal epithelial cell turnover is an important mechanism of *G. seoi* expulsion from the host. Studies on this aspect are needed in other species of trematodes, such as *Echinostoma* spp., *M. yokogawai*, and *N. seoulense*.

Intestinal smooth muscle contractility or intestinal motility is the third important factor for nematode expulsion from the gut \[[@B10]\]. In mice infected with *N. brasiliensis* or *H. polygyrus bakeri*, increased intestinal muscle contractility was suggested to be an important expulsion mechanism of worms \[[@B12]\]. This reaction is STAT6-dependent and controlled by IL-9 \[[@B34],[@B35]\]. However, in trematodes, intestinal muscle contractility and motility affecting worm expulsion has not been well documented. In the present study, the intestinal motility of immunocompetent C57BL/6 mice infected with *G. seoi* was significantly higher than that of immunosuppressed C57BL/6 mice, which had higher WRR than immunocompetent counterparts.

IL-4 and IL-13 are Th2-type cytokines that share a common peptide chain in their receptors and display closely related and overlapping biological activities \[[@B36]\]. These 2 cytokines have been implicated as key players in the expulsion of parasitic nematodes through the induction of intestinal muscle hypercontractility and GC hyperplasia \[[@B10],[@B34],[@B35],[@B37]\]. Moreover, in nematode infections, induction of intestinal muscle hypercontractility and GC hyperplasia by IL-4 and IL-13 is STAT6 dependent \[[@B11],[@B38]\]. This STAT6 signaling has seldom been studied in trematode models. The only paper available is on STAT6 expression and IL-13 production in association with GC hyperplasia and worm expulsion in *G. seoi* infection in mice \[[@B25]\]. In *E. caproni* infection, IL-13 is the main immune component responsible for the host protection, and it seems that IL-13 binds IL-4R and activates STAT6 signaling \[[@B39]\].

Conclusively, the present study demonstrates the importance of increased GC numbers, increased intestinal epithelial cell turnover, and enhanced intestinal motility in mucosal defense mechanisms and worm expulsion of *G. seoi* in C57BL/6 mice having innate resistance against this trematode infection.
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![Worm recovery according to mouse strains (C57BL/6 and ICR) after infection with 200 metacercariae of *Gymnophalloides seoi* from day 1 to day 7 PI. Statistically significant differences (*P*\<0.05) compared with immunocompetent C57BL/6 mice are denoted by an asterisk (^\*^).](kjp-52-273-g001){#F1}

![Goblet cell (GC) counts of C57BL/6 and ICR mice. (A) GC counts in C57BL/6 (immunocompetent and immunosuppressed) and ICR mice infected with 200 *G. seoi* metacercariae. Statistically significant differences (*P*\<0.05) compared with immunocompetent C57BL/6 mice were illustrated as an asterisk (^\*^). In immunocompetent C57BL/6 mice, GC counts at day 3 (^\*\*^) and day 5 (^\*\*^) were significantly higher (*P*\<0.05) than the figure of uninfected C57BL/6 mice (day 0). (B) Changes of GC counts in the small intestine of immunocompetent and immunosuppressed C57BL/6 mice infected with 200 *G. seoi* metacercariae. GCs were counted in the middle portion of the jejunum after PAS stain at days 0 (uninfected), 1, 3, 5, and 7 PI.](kjp-52-273-g002){#F2}

![Intestinal epithelial cell turnover of C57BL/6 and ICR mice. (A) Intestinal epithelial cell turnover was measured in C57BL/6 (immunocompetent and immunosuppressed) and ICR mice infected with 200 *G. seoi* metacercariae. The number of newly proliferating intestinal epithelial cells in the crypt was counted at 10 villus-crypt unit and averaged. Statistically significant differences (*P*\<0.05) compared with C57BL/6 mice were expressed as an asterisk (^\*^). In immunocompetent C57BL/6 mice, dark brown-stained epithelial cell counts at day 1 (^\*\*^), day 3 (^\*\*^), day 5 (^\*\*^), and day 7 (^\*\*^) were significantly higher (*P*\<0.05) than the figure of uninfected C57BL/6 mice (day 0). (B) Changes of epithelial cell turnover in immunocompetent and immunosuppressed C57BL/6 mice in the middle part of the jejunum infected with 200 *G. seoi* metacercariae at days 0 (uninfected), 1, 3, 5, and 7 PI. The nuclei of proliferating epithelial cells are stained dark brown by bromo-2\'-deoxyuridine (BrdU) immunohistochemical staining.](kjp-52-273-g003){#F3}

![Intestinal contractility of C57BL/6 (immunocompetent and immunosuppressed) and ICR mice as measured by charcoal meal gastrointestinal-transit test. Statistically significant differences (*P*\<0.05) compared with uninfected mice are illustrated as an asterisk (^\*^). In immunocompetent C57BL/6 mice, the ratio of charcoal meal transit at day 3 (^\*\*^) and day 5 (^\*\*^) were significantly higher (*P*\<0.05) than the ratio of uninfected C57BL/6 mice (day 0).](kjp-52-273-g004){#F4}
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